By discarding the quasi-static approximation, this paper gives the exact solutions of a shear horizontal electromagneto-acoustic surface wave mode in a class of piezoelectric media. As the wave speed is much less than the speed of light, the solution degenerates to the well-known Bleustein-Gulyaev wave, or Maerfeld-Tournois wave. Taking into account both optical effect as well as the contribution from the rotational part of electric field, the solutions obtained here are not only valid for any wave speed range, but also provide accurate formulas to evaluate the acousto-optic interaction due to the piezoelectricity.
I. INTRODUCTION
About thirty years ago, Bleustein 1 and Gulyaev 2 simultaneously discovered that there exists a shear horizontal ͑SH͒ electro-acoustic surface mode in a class of transversely isotropic piezoelectric media, which is known today as the Bleustein-Gulyaev wave. The Bleustein-Gulyaev ͑BG͒ surface wave is an unique result in the repertoire of surface acoustic wave ͑SAW͒ theory, because it has no counterpart in purely elastic solids. As a matter of fact, since then, the BG wave theory has become one of the cornerstones for the modern electro-acoustic technology.
The BG wave is essentially a coupled surface wave between the acoustic mode and the soft ferroelectric mode; in other words, the quasi-static approximation is adopted for the electromagnetic field. Under this assumption, both the optical effect as well as the contribution from the rotational part of electric field are neglected. Although it is generally believed that the optical effect is minor, it is certainly of practical interest to accurately predict the piezoelectricityinduced electromagnetic radiation, which might be helpful in some engineering applications, such as optical detection, as well as nondestructive evaluation in general. In this paper, a detailed account is given of the coupled SH electromagnetoacoustic surface wave in a transversely isotropic piezoelectric medium.
In early studies, besides technical considerations, the main reason for adopting the quasi-static approximation might have been, perhaps, a psychological one. The perception was that solving a fully-coupled Maxwell-Christoffel equation might be too involved, or too complicated to obtain any meaningful results in physics. In this paper, it has been shown, on the contrary, that there exist some remarkable simple velocity equations for the fully-coupled SH electromagneto-acoustic surface wave.
II. FORMULATION
By adopting the notations in Auld, 3, 4 the governing equations of the problem are listed as follows.
where E,B, and H are the electric field, magnetic induction, and magnetic field respectively; ͑ii͒ Equations of motion
where is the stress tensor, u is the displacement vector, and F is the body force; ͑iii͒ The constitutive equations
where ⑀ s ,e, and c E are the specific dielectric tensor, piezoelectric constant tensor, and elastic stiffness constant tensor respectively, and 0 is the magnetic permeability constant in the vacuum.
In the constitutive equations ͑5͒ and ͑6͒, the strain tensor is defined as Consider the coupling between the anti-plane acoustic mode and the in-plane electromagnetic mode, i.e., uϭ͓0,0,w͑x 1 ,x 2 ,t ͔͒ ͑10͒
The coupled wave equations ͑8͒ and ͑9͒ can be simplified drastically. where the differential operator ٌ and the electric field E are redefined as two-dimensional vectors, i.e.,
where and A are the scalar potential and the vector potential respectively, and the constant, c l :
, is the speed of light in the piezoelectric material. The decomposition ͑16͒ can be uniquely determined by imposing the following Lorentz gauge constraint within the transversely isotropic plane,
Subsequently, the coupled wave equations ͑12͒ and ͑13͒ can be further separated into two groups, namely, the purely electro-acoustic wave equations, ‫ץ‬t‫ץ‬x 1 , The purely electro-acoustic wave equations ͑18͒ can be completely decoupled as follows,
͑24͒
Accordingly, the relevant constitutive equations take the following forms, 13 
where c 44 :ϭc 44 E ϩ f e 15 2 /⑀ 11 s .
III. SOLUTIONS
In what follows, the SH electromagneto-acoustic wave propagation problem discussed above is examined under three different sets of boundary conditions.
Problem 1 (The grounded surface solution). In this problem, the surface of the piezoelectric half space ͑see Fig. 1͒ is covered with an infinitesimally thin perfect conducting film, which implies that the additional mechanical effect is neglected, and the scalar potential of the electric field is set to be zero on the surface. This group of boundary conditions are expressed as follows, where the constant, ␤:ϭe 15 /ͱ⑀ 11 s c 44 , is the piezoelectric coupling coefficient in the quasi-static approximation. To this end, a simple velocity equation for the electromagnetoacoustic surface wave is derived, v e ϭc a ͱ f͑1Ϫ␤ 4 
͒. ͑42͒
As c a /c l →0,
⇒1; ͑45͒
the surface wave speed recovers the classic BG solution, v q ϭc a ͱ1Ϫ␤ 4 .
͑46͒

Problem 2 (The free surface solution).
In this case, the surface of the piezoelectric half space is a free surface, which is in contact with a vacuum half space on the top. The full set of boundary conditions at x 2 ϭ 0 are as follows,
nϫEϭnϫÊ . ͑49͒
Note that the quantities with symbol^on the top denote the quantities of the electric field in the free vacuum space. For this particular boundary configuration, the above boundary conditions can be put into explicit forms, i.e., at x 2 ϭ0, 
In addition, one may also note that the boundary condition for magnetic induction is always fulfilled, i.e.,
n-Bϭn-B ϵ0. ͑53͒
The Maxwell equations in the free vacuum half space take the form
where c 0 :
The associated Lorentz gauge in the vacuum space is 
Letting v ϭ /k and equating the coefficient determinant to zero, one can find that the electromagneto-acoustic surface wave speed must obey the following velocity equation, 
and consequently,
͑91͒
Inserting the assumed solutions ͑80͒-͑83͒ and ͑86͒-͑89͒ into the boundary condition set ͑76͒-͑79͒ and taking equations ͑84͒ and ͑85͒ and ͑90͒ and ͑91͒ into consideration, one may find the following existence condition for the interfacial electromagneto-acoustic wave: again, we cannot rule out the possibility that there is a piezoelectrically-induced electromagnetic surface wave propagating along the interface.
IV. CONCLUSIONS
As shown above, the exact solutions for the fullycoupled SH electromagneto-acoustic surface wave can be obtained in simple, closed forms. As expected, these solutions take the classic results, such as BG wave or MaerfeldTournois wave, as their limits, when the terms v/c l and v/c 0 are negligible.
The new results obtained here reveal the acousto-optic interaction on the surface of piezoelectric materials, and implicitly indicate a possible existence of the piezoelectricallyinduced electromagnetic surface wave.
As far as the acoustic wave is concerned, the quasi-static assumption does offer an excellent approximation for the wave speed. This can be observed from Fig. 3. In Fig. 3 , a comparison between the current result and the classic result is made for Problem 1, the grounded surface solution. Since in reality the ratio c a /c l is within the range of 0ϳ0.0001, the optical effect on acoustic wave speed is minor indeed.
However, the quasi-static approximation may not always make life easy; it can cause some additional difficulties. Such problems arise when one studies wave propagation or wave scattering problems in a piezoelectric material containing defects. 7, 8 An obvious reason for this is that the govern- ing equations obtained under quasi-static approximation are mixed types of partial differential equations; namely, one is hyperbolic, the other is elliptic, because the speed of light is assumed to be infinite in the quasi-static approximation. By using the approach proposed in this paper, one may obtain equally simple decoupled governing equations, and they are both hyperbolic type of partial differential equations. It should be reminded that all the surface waves studied here are nondispersive. There may exist dispersive electromagneto-acoustic surface wave mode in some piezoelectric solids with particular geometric shapes, such as an infinite piezoelectric plate. Under those circumstances, there may be a nontrivial discrepancy for the high frequency surface wave solutions between the approach proposed in this paper and the quasi-static approximation. This issue is subjected the further study.
